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Three-dimensional organotypic 
matrices from alternative collagen 
sources as pre-clinical models for 
cell biology
James R. W. Conway1,2, Claire Vennin1,2, Aurélie S. Cazet1,2, David Herrmann  1,2, Kendelle J. 
Murphy1,2, Sean C. Warren  1,2, Lena Wullkopf1,2, Alice Boulghourjian1,2, Anaiis Zaratzian1,2, 
Andrew M. Da Silva1,2, Marina Pajic1,2, Jennifer P. Morton3,4, Thomas R. Cox  1,2 & Paul Timpson1,2
Organotypic co-cultures bridge the gap between standard two-dimensional culture and mouse models. 
Such assays increase the fidelity of pre-clinical studies, to better inform lead compound development 
and address the increasing attrition rates of lead compounds within the pharmaceutical industry, which 
are often a result of screening in less faithful two-dimensional models. Using large-scale acid-extraction 
techniques, we demonstrate a step-by-step process to isolate collagen I from commercially available 
animal byproducts. Using the well-established rat tail tendon collagen as a benchmark, we apply our 
novel kangaroo tail tendon collagen as an alternative collagen source for our screening-ready three-
dimensional organotypic co-culture platform. Both collagen sources showed equal applicability for 
invasive, proliferative or survival assessment of well-established cancer models and clinically relevant 
patient-derived cancer cell lines. Additional readouts were also demonstrated when comparing these 
alternative collagen sources for stromal contributions to stiffness, organization and ultrastructure via 
atomic force microscopy, second harmonic generation imaging and scanning electron microscopy, 
among other vital biological readouts, where only minor differences were found between the 
preparations. Organotypic co-cultures represent an easy, affordable and scalable model to investigate 
drug responses within a physiologically relevant 3D platform.
Cellular interactions with the extracellular matrix (ECM) occur in a three-dimensional (3D) context and this 
essential aspect of the tumour microenvironment can lead to altered sensitivity to therapeutics and even act 
as a barrier to their delivery. This key feature is often overlooked in pre-clinical studies and is likely one of the 
central factors contributing to the high attrition rates of lead compounds within the pharmaceutical indus-
try, as highlighted recently by our group and others1,2. In line with emerging 3D in vitro techniques, such as 
organoid cultures, as pre-clinical testing grounds, there is a need for broader-scale, reproducible and high 
throughput pre-clinical assays that integrate essential tumour interactions and responses with stromal and ECM 
components3–8.
Collagens are the most abundant ECM component within the body and make up the majority of all inter-
stitial matrix. Despite their abundance, commercially available sources are often expensive and subject to high 
inter-batch variability, which reduces their reliability for large-scale screening applications. In addition to the 
costly commercial sources, there are numerous protocols available for either pepsin- or acid-extraction of col-
lagen I from native sources, including the seafood industry, in the form of several fish or cephalopods9, or from 
the more common bovine or pig skin10–13. Here, we describe a collagen extraction and organotypic protocol for 
kangaroo tail, which is based on the acid-extraction technique widely applied to rat tail preparations14–18. Rat tail 
collagen I is the most common source of acid-extracted collagen I, but in the context of large-scale screening, the 
yield can present a limiting-factor. Conversely, larger kangaroo tails are readily available through online suppliers, 
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which removes the limitation on collagen supply, with the option to keep sizeable stocks for many years and 
thereby reducing batch-specific variation. Furthermore, work has previously been done using the thicker kanga-
roo tendons for ligament replacement in medical applications and hence, the optical and histological properties 
of the fresh fixed tendons are already well defined19–21. Here, we detail the step-by-step production of collagen 
I from kangaroo tail. This novel source is then used to demonstrate the widespread readouts possible using the 
pre-clinical 3D organotypic matrix platform, employed in parallel with the well-established acid-extracted rat tail 
collagen I.
This organotypic platform allows assessment of lead compounds in both the stromal compartment or in a 3D 
co-culture setting. In line with previous work, assessing changes in the stromal compartment22–25, we evaluated 
collagen deposition and remodeling in rat and kangaroo tail matrices by second harmonic generation (SHG) 
imaging, picrosirius red staining and polarized light microscopy. Similarly, we quantified the matrix stiffness and 
mechanical properties by atomic force microscopy (AFM) and matrix organization by grey-level co-occurrence 
matrix (GLCM) analysis. Beyond the previous studies, we also used scanning electron microscopy (SEM) to 
assess fibre orientation, as a readout of matrix ultrastructure.
Previous work using 3D organotypic co-cultures facilitated assessment of cancer cell clusters by immunoflu-
orescence26, allowed correlation of invasion and proliferation using Ki67 staining27 and facilitated the associa-
tion of increased metastasis to increased invasiveness27,28. In this work, we demonstrate the invasive capacity of 
cell lines derived from melanoma, triple-negative breast cancer (TNBC), squamous cell carcinoma (SCC) and 
pancreatic ductal adenocarcinoma (PDAC). We also highlight the utility of this platform for investigations into 
the invasive potential of patient-derived cell lines29, with an example given from the APGI cohort (Australian 
Pancreatic Cancer Genome Initiative30–33). Finally, we perform a proof-of-principle screen for the effects of two 
small molecule inhibitors on the invasion and proliferation of a well-established TNBC cell line. The application 
of kangaroo tail tendon collagen I to generate a novel organotypic matrix demonstrates the wealth of readouts 
possible from this easily accessible and inexpensive pre-clinical platform.
Results and Discussion
The organotypic co-culture platform was originally developed as an artificial skin model for the assessment of 
SCC invasion in a regulated 3D in vitro setting34–36. Once the pre-clinical power of the model was recognized, the 
system was further demonstrated for pancreatic cancer18,23,37–39 and since, has seen its’ application to the cancer 
field expanded by us and others3,4,40–43. The organotypic matrices applied here have two distinct stages, which are 
presented as schematics (Fig. 1a,b).
Assessment of rat and kangaroo tail matrix integrity and structure. The first stage of the organo-
typic matrix platform involves the generation of a 3D organotypic matrix (Fig. 1a). Here, stromal-ECM assess-
ment can be performed.
Isolation of collagen from kangaroo tail. The collagen requirement for larger-scale drug screening using organo-
typic matrices as a pre-clinical platform can present a significant cost. We propose an alternative source of colla-
gen from kangaroo tail, which can be purchased from online suppliers, at relatively low cost. Based on the detailed 
anatomical assessment performed by others21,44, we successfully isolated tendons from fresh frozen kangaroo 
tail. A detailed protocol for the acid-extraction is provided in the Supplementary Methods and Supplementary 
Figure S1. Collagen concentration was not significantly different between rat and kangaroo tail acid-extraction 
techniques, quantified by a Sircol™ soluble collagen assay (Fig. 1c; commercial rat tail collagen: 9.62 ± 0.61 mg/
ml, rat tail collagen: 4.33 ± 0.97 mg/ml, kangaroo tail collagen: 4.64 ± 1.23 mg/ml). This was consistent with 
the quantification of total protein levels by a modified Lowry assay45, which was also not significantly different 
(Fig. 1d; commercial rat tail collagen: 11.35 ± 0.38 mg/ml, rat tail collagen: 5.94 ± 0.73 mg/ml, kangaroo tail col-
lagen: 6.9 ± 1.02 mg/ml). These two metrics allowed assessment of collagen abundance in the respective collagen 
preparations, which again showed no significant difference between rat and kangaroo tail acid-extracted collagen 
preparations (Fig. 1e; commercial rat tail collagen: 84.78 ± 4.93%, rat tail collagen: 66.63 ± 9.87%, kangaroo tail 
collagen: 72.65 ± 11.44%). However, for both rat and kangaroo tail collagen preparations, the concentration of 
collagen and protein, and the abundance of collagen were all significantly lower than the commercial rat tail col-
lagen (Corning; Fig. 1c–e).
Application of kangaroo tail preparations to fibroblast-driven contraction. The ability of human dermal fibroblasts 
to contract collagen from rat and kangaroo tail tendons was assessed by establishment of organotypic matri-
ces (Fig. 1a). To generate organotypic matrices, telomerase-immortalized fibroblasts (TIFs)46 were embedded 
in a neutralized collagen matrix of either rat (2.5 ml) or kangaroo (5 ml) tail collagen (~1 × 105 TIFs/matrix), 
allowing them to contract this matrix over 12 days at 37 °C. This volume was initially optimized to identify the 
ideal volume of kangaroo tail collagen to reproduce similar matrix characteristics to the benchmarked rat tail 
collagen matrices (Supp. Fig. S2). By this method, kangaroo tail collagen produced a similar matrix diameter to 
the well-established rat tail organotypics (Fig. 2a)23,26,27,42,43,47,48. These organotypic matrices were then subjected 
to rigorous assessment of their ECM properties. One common assessment of ECM structure is by intrinsic mul-
tiphoton excitation of the non-centrosymmetric structure of cross-linked collagen fibres by SHG imaging49–52, 
which enables assessment of cancer therapies aimed at stromal targeting of the ECM23,53,54. Kangaroo tail matrices 
showed no significant difference in their peak SHG signal (Fig. 2b), indicating that dermal fibroblast remodel-
ling of the collagen is maintained between the preparations. Another readout possible from SHG data allows 
assessment of matrix order by GLCM analysis (Fig. 2c). GLCM is a mathematical pattern analysis technique that 
compares the brightness, or grey-level, of each pixel to neighboring pixels (Fig. 2c)22,55. In this way, the network of 
collagen fibres within the matrix can be assessed22–24,53,54 and again, no significant difference was found between 
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the rat and kangaroo tail preparations (Fig. 2c). Complementing this, we then applied AFM, a common test of 
matrix integrity that uses a nanometre tip attached to a cantilever, where changes in the position of the tip are 
detected by an optical deflection system and provide nanometer resolution for force mapping of samples53,56–59. 
Using AFM, we found no significant difference in the Young’s modulus between the rat and kangaroo tail matri-
ces (Fig. 2d)60. Taken together, these orthogonal techniques found no significant differences between the rat and 
kangaroo tail organotypic matrix preparations (Fig. 2b–d), supporting the use of this novel source of collagen I.
While a larger volume of collagen is required to produce individual kangaroo tail organotypic matrices (see 
Methods and Supp. Fig. S2), these matrices reach a similar endpoint diameter to the rat tail matrices (Fig. 2a). 
The increased volume of collagen used to generate kangaroo tail organotypic matrices of suitable diameter was 
found to result in an increased matrix thickness. To accurately measure this difference, we used the recordings 
of the z-position of the AFM probe and found that the kangaroo tail organotypic matrices were almost twice as 
thick as the rat tail matrices (Fig. 2d; rat tail collagen: 1.08 ± 0.16 mm, kangaroo tail collagen: 1.86 ± 0.34 mm). 
This prompted further analysis by SEM of the ultrastructure of the collagen fibre network, by computational 
assessment of the alignment of pixels making up collagen fibres across an entire image61,62. The peak alignment 
(measured in degrees) of fibres was determined, and the frequency of fibre alignment calculated across a degree 
range spanning the peak alignment (i.e. peak alignment ± 5°, 15°, 30° or 45°; Fig. 2e). By this method, we found 
no significant differences in rat and kangaroo tail collagen fibre alignment frequency (Fig. 2e).
Further to the optical assessment, histological sections were taken for staining of four common ECM compo-
nents; collagen types I and III, Fibronectin, Hyaluronic Acid (HA) and Laminin (Fig. 3). These ECM components 
have been shown to have a dual role in cancer, both in containment and progression63–67. Picrosirius red staining 
is a common method to identify collagens in tissue sections and has been previously applied to organotypic 
matrix sections23 and kangaroo articular cartilage and tendons19,68. In addition to transmitted light analysis, we 
applied polarized light microscopy to assess the birefringence of the picrosirius dye molecules, which allows 
differentiation between highly organized fibrillar collagen and less organized, globular collagen69,70. Following 
staining, no significant change was detected between either the coverage of the picrosirius red stained colla-
gen (transmitted light, Fig. 3a) or the proportions of higher ordered fibrillar collagens (polarized light, Fig. 3a). 
Immunohistochemical (IHC) staining for Fibronectin was also performed to assess coverage within organotypic 
matrices and showed no significant difference between the rat and kangaroo tail preparations (Fig. 3b). Similarly, 
IHC staining for HA, an important stromal-derived ECM component40,41,71,72, showed no significant difference 
in coverage between the rat and kangaroo tail organotypic matrix sections (Fig. 3c). Lastly, strong positive IHC 
Figure 1. Schematic representation of the three-dimensional (3D) organotypic matrix platform that 
demonstrates the two stages of the assay and concentration measurements from acid-extraction of collagen 
from rat and kangaroo tail tendons. (a) Stage 1 of the organotypic assay involves contraction of the rat or 
kangaroo tail collagen by fibroblasts, facilitating stromal-ECM assessment. (b) Stage 2 provides opportunities 
to assess cell invasion, proliferation and survival within a 3D co-culture environment. Application of (c) the 
SircolTM soluble collagen assay and (d) a modified Lowry assay to measure the collagen and total protein 
concentration of acid-extracted rat and kangaroo tail collagen respectively (n = 7), compared to commercial 
rat tail collagen (Corning, n = 3). (e) Values of collagen and total protein concentration from (c,d) were used to 
calculate the collagen abundance in each solution. Mean ± SD.
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Figure 2. Assessment of rat and kangaroo tail collagen matrix integrity and structure. (a) Fibroblast-driven 
matrix contraction for both rat and kangaroo tail collagens (n = 3, scale bars: 5 mm). (b) Contracted matrices 
were then subjected to second harmonic generation (SHG) imaging of collagen crosslinking (n = 3, scale bars: 
50 μm, scale bars (insets): 12.5 μm), (c) grey-level co-occurrence matrix (GLCM) analysis of matrix texture 
(n = 3), (d) atomic force microscopy (AFM) of matrix stiffness and thickness by AFM probe engagement (n = 6 
(rat) and n = 5 (kangaroo)), and (e) scanning electron microscopy (SEM) of contracted rat and kangaroo 
tail collagen matrices, assessed for changes in fibre orientation angle with the frequency of fibre alignment 
calculated across different degree ranges spanning the peak alignment (i.e. peak alignment ± 5°, 15°, 30° and 
45°; scale bars: 20 μm, n = 3). The local orientation of fibres in the rat and kangaroo tail collagen scanning 
electron micrographs is represented by the corresponding colour assigned to each specific angle of orientation. 
Mean ± SD.
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Figure 3. Immunohistochemical (IHC) staining of 12-day fibroblast contracted rat and kangaroo tail collagen 
matrices for various matrix components. (a) Picrosirius red staining (n = 3, scale bars: 100 μm) of collagen 
content (top, transmitted light imaging) or birefringence (bottom, polarized light imaging; green (low 
birefringence), yellow (medium birefringence) and red-orange (high birefringence), channels are highlighted 
for clarity). IHC staining of (b) Fibronectin and (c) Hyaluronic Acid (HA), quantified for positive staining 
coverage (n = 3, scale bars: 100 μm, scale bars (insets): 10 μm). (d) IHC staining of embedded fibroblasts for 
Laminin expression, with scoring of positive cells per 500 × 500 μm region of interest (#/ROI; n = 3, scale bars: 
100 μm, scale bars (insets): 10 μm). Mean ± SD.
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staining of the embedded fibroblasts was observed for Laminin, one of the primary components of the basement 
membrane (Fig. 3d)73,74. Scoring of cells positively stained for Laminin in 500 × 500 μm regions of interest showed 
no significant difference between the rat and kangaroo tail preparations (Fig. 3d).
This fibroblast-specific staining for Laminin prompted assessment of the stromal cells themselves (Fig. 4). 
The embedded fibroblasts are responsible for remodeling the collagen matrices and staining for key markers can 
inform on their respective activity67,75,76. Here, we quantified positive staining by counting cells in 500 × 500 μm 
regions of interest for all three markers assessed in both rat and kangaroo organotypic matrices; fibroblast activa-
tion protein (FAP), a marker of reactive stromal fibroblasts75,77,78, alpha smooth muscle actin (αSMA), a marker 
of increased contractility in myofibroblast cells56,75,76,79,80 and phosphorylated-Myosin phosphatase target subunit 
1 (phospho-MYPT1), a marker of actomyosin contractility76,81–83 (Fig. 4a–c). This affirmed that the activity of 
the stromal cells within both the rat and kangaroo tail matrices was not significantly different between the two 
preparations. Previous work has demonstrated that activated fibroblasts, which are capable of secreting their own 
ECM3,84–87, also upregulate several genes at the transcriptional level87. To confirm that these genes were similarly 
expressed in organotypic-embedded fibroblasts, within both rat and kangaroo tail organotypic matrices, quan-
titative real-time PCR (qRT-PCR) was performed on fibroblasts from 12 day contracted organotypic matrices. 
According to the MIQE guidelines88 for the analysis of qRT-PCR data by the comparative CT method89,90, a 
minimum of 2-fold difference is necessary to report differences in gene expression between treatment groups. 
The changes presented for the fibroblast markers ACTA2 (i.e. αSMA), THY1 and TGFB1 are neither statistically 
significant, nor their fold-change of a significant magnitude, to show a difference between the rat and kangaroo 
tail matrices (Fig. 4d). These genes have previously been shown to be upregulated in activated fibroblasts, along 
with COL1A1, COL1A2 and FN187. Here we saw no significant difference in these additional transcripts between 
rat and kangaroo tail matrices, even with the additional assessment of the hyaluronan synthesis genes HAS1, 
HAS2 and HAS3, and the basement membrane glycoprotein, Nidogen-1 (NID-1; Fig. 4d). This suggests that there 
is no significant difference in activation status of fibroblasts embedded in the two different matrices. Additionally, 
the GAPDH normalized results presented (Fig. 4d) were consistent with normalization to a second housekeeping 
gene RPLP0 (Supp. Fig. S3).
Targeting of the tumour stromal-ECM components is an emerging area, as their respective importance in 
both impeding drug delivery and therapeutic resistance are increasingly recognized23,25,71,72,79,91–98. Using stage 1 
(Fig. 1a) of our novel kangaroo tail organotypic matrix platform, which demonstrated similar properties to the 
well-defined rat tail organotypic matrices, could allow assessment of this stromal targeting on both the ECM and 
the associated stromal cells, as demonstrated previously23–25,47,53. Subsequent assessment of cancer cell behavior, 
either independently or in parallel with stromal-ECM modulation, is then possible by progressing to stage 2 of 
the organotypic assay (Fig. 1b).
Application of kangaroo tail collagen organotypic matrices to several common cancer models 
and patient-derived cell lines. Organotypic matrices were originally developed as models of artificial skin 
for modeling invasion of SCC34–36. The method itself involves the initial generation of an organotypic matrix 
(Fig. 1a); here using rat and kangaroo tail collagen as the substrate for TIFs. After 12 days, the matrix is sufficiently 
remodeled to allow seeding of cancer cells on the upper surface (Fig. 1b, 1 × 105 cancer cells per matrix). Once the 
seeded cells have grown to confluence, generally after 5 days, the seeded matrices are moved to an air-liquid inter-
face to allow the seeded cells to invade towards the chemoattractants in the growth media (Fig. 1b)18,34–36. In this 
work, we demonstrate invasion of cell lines from human melanoma (CHL-1, Fig. 5a), human SCC (A431, Fig. 5b) 
and mouse PDAC (KPC, Fig. 5c) that invaded on an air-liquid interface for 14 days; recapitulating previous work 
using rat tail organotypic matrices40,41,43,99,100. From here, we demonstrate key functional readouts possible from 
IHC staining, such as cell invasion using S100B/pan-cytokeratin expression, which excludes fibroblasts from 
the quantification, proliferation by Ki67 and survival by cleaved caspase-3. Invasion scoring was performed by 
first counting the cell layer adjacent to the top of the collagen matrix (non-invaded cells) and adding this value 
to the total number of cells within the matrix, to generate a percentage of invaded cells, or the “invasive index” 
(Fig. 5). This is similar to the scoring performed for proliferation or survival, where the cells that are positively 
stained for Ki67 or cleaved caspase-3 respectively (brown) are divided by the total number of cells (brown + blue), 
to generate proliferative and apoptotic indices (Fig. 5). Notably, Fig. 5 shows that for each individual cancer 
cell line, invasion, proliferation and survival were demonstrably similar between rat and kangaroo tail matrices, 
while illustrating the clear differences in 3D invasion, proliferation and survival between different cancer types. 
Importantly, we also demonstrate the translational applicability of our novel organotypic matrix platform by 
assessment of a patient-derived cell line (PDCL) from PDAC (Fig. 5d)23,33. Patient-derived xenografts and PDCL 
models are gaining momentum in the field, as they maintain the heterogeneity of patient tumours, facilitating 
more accurate pre-clinical drug screening29,98 and can be easily applied to our pre-clinical 3D organotypic plat-
form (Fig. 5d).
Finally, to confirm the pre-clinical applicability of the rat and kangaroo tail organotypic matrices, we per-
formed a proof-of-principle drug screen using the well-established human MDA-MB-231 TNBC cell line (Fig. 6). 
TNBCs are currently the only subtype of breast cancer without approved targeted therapies101 and thus, the use 
of physiologically relevant 3D models for therapeutic development could be critical to developing novel targets 
and therapies. It has previously been shown that ROCK inhibition by Y-27632 can inhibit the infiltration of 
MDA-MB-231 cells using 2D in vitro assays102–104. Conversely, the EGFR inhibitor Gefitinib has been shown 
to have potent anti-proliferative effects on MDA-MB-231 cells105–107, while the anti-invasive effect is less well 
established108–110. To quantify the changes in invasion depth upon inhibition, invaded MDA-MB-231 cells at each 
100 μm increment were divided by the number of cells on the surface of the collagen matrix, in a similar man-
ner to the invasive index calculated in Fig. 5. These values were then normalized to the vehicle (DMSO) control 
at each depth and compared between treatments. Here, we incubated the MDA-MB-231 cells on an air-liquid 
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interface for 7 days, then treated with either vehicle (DMSO) control, Y-27632 (10 μM) or Gefitinib (100 nM) and 
incubated for a further 7 days. By this approach, we confirm that inhibition of ROCK by Y-27632 reduces the 3D 
invasive ability of these cells (Fig. 6a,b). In this setting, we saw no change in proliferation following Y-27632 treat-
ment (Fig. 6c,d) in either rat or kangaroo matrices. In contrast, the EGFR inhibitor Gefitinib, showed reductions 
Figure 4. Immunohistochemical (IHC) staining of embedded fibroblasts for three key stromal markers, (a) 
fibroblast activation protein (FAP), (b) alpha smooth muscle actin (αSMA) and (c) phosphorylated myosin 
phosphatase target subunit 1 (phospho-MYPT1), scored for positive cells per 500 × 500 μm region of interest 
(#/ROI; n = 3, scale bars: 50 μm, scale bars (insets): 10 μm). Mean ± SD. (d) Quantitative real-time PCR (qRT-
PCR) analysis of relative mRNA expression, normalized to GAPDH, of genes indicative of fibroblast activity and 
matrix deposition (n = 4). ND – not detected. Mean ± SEM.
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in both the invasion and proliferation of the MDA-MB-231 cells, as they invaded into the 3D rat and kangaroo 
matrices (Fig. 6a–d), supporting the effect shown for other cancers111–113. Our data not only support the current 
canon, but also provide evidence as to the power of this 3D organotypic matrix platform for future pre-clinical 
drug screening studies, targeting either the stromal-ECM compartment or the cancer cells themselves.
Conclusions
In this work, we present a systematic comparison between the use of acid-extracted collagen I from rat and kan-
garoo tail tendons. This acts as a proof-of-concept for novel alternative collagen sources to be applied to the 3D 
pre-clinical organotypic matrix platform (Fig. 1a,b). We demonstrate assays aimed at monitoring perturbations 
in the ECM and the parallel effects on the stromal cells, responsible for the matrix contraction. Further to this, the 
invasion of four well-established cancer cell lines was demonstrated, and we highlight the use of PDCLs for future 
pre-clinical investigations. The power of this assay was then underlined using a small-scale proof-of-principle 
drug screen, confirming the anti-invasive effect of Y-27632 and establishing a dual role for Gefitinib in both inhi-
bition of invasion and proliferation in a TNBC cell line. Further development of the assay could include the use of 
transgenic, patient-matched or cancer-associated fibroblasts, which will allow specific questions to be asked about 
the stromal interactions with the ECM and the co-cultured cancer cells23,114,115. Similarly, keratinocytes have also 
been cultured above the contracted matrices from stage 1 (Fig. 1a), allowing assessment of the regenerative ability 
of skin upon various perturbations116,117. As cheaper and more convenient sources of collagen I become available, 
Figure 5. Organotypic invasion assays demonstrating the multiple readouts possible from several established 
cancer cell lines and an example patient-derived cell line (PDCL) model. Representative images and 
quantification are given for (a) melanoma (CHL-1, n = 3), (b) squamous cell carcinoma (SCC; A431, n = 3), (c) 
pancreatic ductal adenocarcinoma (PDAC; KPC, n = 3) and (d) a PDAC PDCL (n = 3). Each cell line was then 
scored for invasive cells (i, S100B/pan-cytokeratin, which excludes fibroblasts), proliferating cells (ii, Ki67) and 
apoptotic cells (iii, cleaved caspase-3). Scale bars: 100 μm. Scale bars (insets): 12.5 μm. Mean ± SEM.
www.nature.com/scientificreports/
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the pre-clinical applicability and wide variety of readouts possible from this high fidelity 3D assay will pave the 
way to its’ widespread integration into translational research in the future.
Methods
Atomic Force Microscopy (AFM). As described previously23, measurement of the matrix Young’s 
modulus was performed on a Bioscope Catalyst (Bruker) mounted on a TMC anti-vibration table (Technical 
Manufacturing Corporation), using a 1 μm spherical colloidal probe (spring constant = 0.06 N/m; Novascan). 
First, the probe was calibrated on an uncoated glass substrate, by measuring the deflection sensitivity of the probe 
in fluid and upon engagement. Prior to matrix assessment, organotypics were immobilized in a 40 mm glass 
bottom cell culture dish using a 10% agarose solution (Bioline). To determine the spring constant, a thermal tune 
sweep was performed. Indentation assessment was run on 3 different areas/matrix and 9 points/area (separated by 
35 μm) using a Peak Force Tapping mode, with an average loading force of 1 nN, prior to calculating Young’s mod-
ulus values from force curves by the Hertz spherical indentation model (AtomicJ)60. Matrix thickness was also 
calculated for each area by subtracting the z position of the point of contact between the probe and the matrix, 
and the z position of the glass bottom cell culture dish.
Cell culture and reagents. The LSL-KRasG12D/+, LSL-Trp53R172H/+, Pdx1-Cre (KPC) PDAC100, CHL-1, 
A431 and telomerase-immortalized fibroblast (TIF)46 cell lines were maintained in Dulbecco’s modified Eagle 
medium (DMEM; Gibco), while MDA-MB-231s were maintained in Roswell Park Memorial Institute (RPMI) 
1640 (Gibco), both were supplemented with 10% FBS and penicillin/streptomycin at 100 U/ml. The PDAC 
patient-derived cell line (PDCL) TKCC10 was maintained in an m199/Ham F12 media mixture, described in118. 
Commercial rat tail collagen was from Corning (354249). Y-27632 (Selleckchem, S1049) and Gefitinib (Cayman 
Chemicals, 13166) were made up as 10 mM stock solutions in DMSO.
Figure 6. An example of a small-scale pre-clinical drug screen with the TNBC breast cancer cell line 
MDA-MB-231, invading into organotypic matrices and treated for 7 days with either control (DMSO), Y-27632 
(10 μM) or Gefitinib (100 nM). Representative images are given for (a) pan-cytokeratin staining, which was 
(b) scored for invasion depth (n = 4). Representative images are also given for (c) Ki67 staining, which was (d) 
scored for proliferation (n = 4). Scale bars: 100 μm. Scale bars (insets): 12.5 μm. Mean ± SEM.
www.nature.com/scientificreports/
1 0SCIentIfIC REPORTs | 7: 16887  | DOI:10.1038/s41598-017-17177-5
Grey-level co-occurrence matrix (GLCM) analysis. To assess stromal collagen fibre organization and 
crosslinking, GLCM analysis was used to characterize the texture of the organotypic matrix samples by determin-
ing the correlation of the SHG signal intensity within the matrix, as a function of distance, where a slower decay 
shows a more organized and correlated network of collagen fibres22,53,55. SHG images were acquired with the laser 
power adjusted to give an approximately uniform intensity between images. For each matrix within a triplicate, 5 
representative regions were taken with a field-of-view of 512 × 512 μm, line averaging of 32 and a scan speed of 
400 Hz. GLCM analysis was performed using a custom Matlab script, available at https://github.com/timpsonlab/
shg-quantification-tools. The average GLCM texture parameters119 were calculated between pixel offsets in 1 pixel 
increments, up to 100 pixels, at 0°, 90°, 180° and 270° orientations. The image correlation, as a function of dis-
tance, was plotted and the mean correlation distance = ∑
∑




, where di is the offset of the ith pixel and c(d) is 
the GLCM correlation, as a function of distance.
Immunohistochemistry (IHC). Organotypic matrices were fixed in 10% neutral buffered formalin, prior 
to paraffin block embedding. 4 μm sections were then either haematoxylin and eosin (H&E) stained on a Leica 
Autostainer or underwent IHC staining for cleaved caspase-3(Asp175) (Cell Signaling, 9661, 1:100), Ki67(SP6) 
(ThermoFisher Scientific, RM-9106-S1, 1:500), S100B (Dako, Z0311, 1:3000), pan-cytokeratin (Leica-Novocastra, 
NCL-C11, 1:50), Fibronectin (EP5; Santa Cruz Biotechnology, sc-8422, 1:100) or pan-Laminin (Abcam, ab11575, 
1:100). A detailed procedure for the above IHC on a Leica Bond RX is provided in the Supplementary Methods.
For the following antibodies, manual IHC staining was performed using a pH6 target retrieval solution (Dako, 
S1699) at 93 °C for 30 minutes, prior to a 10 minute cool down in running water, followed by to a 5 minute per-
oxide block (Dako, K4011) and 10 minute protein block (Dako, X0909), then overnight incubation at 4 °C with 
one of the below primary antibodies pMYPT1(Thr696) (Millipore, ABS45, 1:100), FAP (Abcam, 53066, 1:500) 
or αSMA (Abcam Australia, AB5694, 1:200). Detection was then performed using the EnVision+ System HRP 
Labeled Polymer (Dako, Anti-Rabbit, K4001) and DAB for 10 minutes. For detection of Hyaluronic Acid (HA), 
the additional use of a Biotin and Avidin Blocking System (Dako, X0590) was required, prior to a 60 minute incu-
bation with hyaluronic acid binding protein (Calbiochem, 385911, 1:300) and detection using the VECTASTAIN 
Elite ABC HRP kit (Vector Labs, PK-6100) and DAB for 10 minutes. All images were taken using an Aperio CS2 
ScanScope (Leica Biosystems). For quantification of positively staining of HA and Fibronectin in ImageJ (NIH), 
colour deconvolution was used to isolate the DAB staining prior to measurement of staining coverage. Scoring of 
pMYPT1, αSMA, FAP and Laminin staining of fibroblasts within organotypic matrix sections was performed in 
10 representative 500 × 500 μm regions for each biological replicate.
Organotypic assay. Rat or kangaroo tail tendon collagen was prepared by acid-extraction with 0.5 M acetic 
acid (see Supplementary Methods). Concentration of these collagen preparations was quantified by a SircolTM 
soluble collagen assay, as per the manufacturer’s protocol, and a modified Lowry assay, described in45. The method 
for organotypic matrix production has been described previously for rat tail collagen15,18. Using the rat tail colla-
gen matrices as a benchmark, we optimized the kangaroo tail collagen preparation volume to produce a matrix 
of similar collagen density and mechanical properties (Supp. Fig. S2). Briefly, collagen I matrices were prepared 
with acid-extracted collagen, 10X MEM (Gibco) and neutralized using sodium hydroxide, prior to addition of 
FBS containing ~1 × 105 TIFs/matrix. To maintain consistent pore sizes throughout the work, polymerization was 
allowed to occur at 37 °C12,120,121. Detached polymerized matrices (2.5 ml or 5 ml) in 6-well wells were allowed to 
contract for 12 days. For organotypic invasion assays, contracted matrices were subsequently seeded with 1 × 105 
cancer cells in complete media, which were allowed to grow to confluence over 5 days. Seeded matrices were 
then mounted on metal grids, raising to an air/liquid interface, which was fed from below by complete media; 
changed every 2 days. Matrices were fixed after 14 days (MDA-MB-231, A431, KPC and CHL-1 cells) or 21 days 
(TKCC10 cells) of invasion. For scoring, 9 representative 500 × 500 μm areas were selected from each condi-
tion and replicate. Invasive cells were identified by pan-cytokeratin or S100B staining and recorded as having 
invaded 0–100 μm, 100–200 μm and 200–300 μm and > 300 μm. The invasive index was then calculated as either 
the number of invaded cells, divided by the total number of cells (sum of invaded cells and cells on the surface of 
the matrix) or by calculating a ratio of invaded cells at each depth to the cells on the surface. The proliferative and 
apoptotic indices were taken as a ratio of Ki67 or cleaved caspase-3 positive cells respectively, divided by the total 
cell number of cells in each area.
Picrosirius red staining and quantification. 4 μm sections were taken from paraffin embedded organo-
typic matrices and underwent deparaffinisation, rehydration and staining with 0.1% picrosirius red (Polysciences), 
as per the manufacturer’s protocol. Collagen coverage was then quantified using an in-house ImageJ macro (n = 3 
matrices, 20 regions/matrix)23. Polarized light images were collected using an Olympus U-POT polarizer in 
combination with an Olympus U-ANT transmitted light analyser fitted to the microscope. Automated quanti-
tative intensity measurements of fibrillar collagen birefringent signal were carried out on polarized light images 
using ImageJ as previously described23. Briefly, for each polarized light image, Hue-Saturation-Balance (HSB) 
thresholding was applied, where 0 ≥ H ≤ 29 | 0 ≥ S ≤ 255 | 70 ≥ B ≤ 255 was used for red-orange (highly birefrin-
gent) fibres, 30 ≥ H ≤ 44 | 0 ≥ S ≤ 255 | 70 ≥ B ≤ 255 for yellow (medium birefringent) fibres and 45 ≥ H ≤ 245 | 
0 ≥ S ≤ 255 | 70 ≥ B ≤ 200 for green (low birefringent) fibres. The relative area (as a % of total fibres [0 ≥ H ≤ 245 
| 0 ≥ S ≤ 255 | 70 ≥ B ≤ 200]) was then calculated.
RNA isolation, reverse transcription and quantitative real-time PCR (qRT-PCR) experiments 
and analysis. Prior to RNA isolation, rat and kangaroo organotypic matrices were prepared as described 
above and after contracting for 12 days, were directly collected into QIAzol lysis reagent (Qiagen) in Lysing 
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Matrix S tubes (MP Biomedicals). The matrices were then disrupted using the FastPrep-24™ 5 G Homogenizer 
(MP Biomedicals). RNA samples were isolated using the miRNeasy kit (Qiagen) and reverse transcribed with 
the Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics). cDNA was synthesized from 2 μg of 
total RNA and diluted 1:10 before any further analysis. qRT-PCR experiments were performed using the Roche 
Universal Probe Library System on a Roche LightCycler480® (Roche LifeScience). Probes and programs used for 
qRT-PCR analysis are listed in Supplementary Tables S1 and S2. Relative mRNA expression levels were normal-
ized to GAPDH or RPLP0, and quantification was performed using the comparative CT method described previ-
ously89,90, for each biological replicate. Relative expression in organotypic-embedded fibroblasts within kangaroo 
tail matrices was compared to its expression within the rat tail organotypic matrices, referred as 1. SEM of the 
ΔΔCt values was calculated according to the fold change.
Scanning Electron Microscopy (SEM) and fibre orientation analysis. Contracted collagen matrices 
were fixed with 2% glutaraldehyde, prior to step-wise dehydration in ethanol of increasing concentration (30–
100%). Samples were then subjected to CO2 critical point drying, spattered with gold and scanned on a Hitachi 
S3400 with an accelerating voltage of 15 kV. Fibre orientation analysis was performed on electron micrographs 
using an in-house ImageJ (NIH) macro, as previously described61,62. Briefly, structure tensors were derived from 
the local orientation and isotropic properties of pixels that make up collagen fibrils. Within each input image, 
these tensors were evaluated for each pixel by computing the continuous spatial derivatives in the x and y dimen-
sions using a cubic B-spline interpolation. From this, the local predominant orientation was obtained. The peak 
alignment (measured in degrees) of fibres was then determined, and the frequency of fibre alignment calculated 
across different degree ranges spanning the peak alignment (i.e. peak alignment ± 5°, 15°, 30° and 45°).
Second Harmonic Generation (SHG) imaging and analysis. SHG imaging was performed on 10% 
neutral buffered formalin fixed samples on an inverted Leica DMI 6000 SP8 confocal microscope with a 25X 
water objective. Multiphoton excitation was performed at 890 nm with a Ti:Sapphire femtosecond laser (Coherent 
Chameleon Ultra II), detecting SHG intensity with an RLD HyD detector (440/20 nm). For each matrix within a 
triplicate, 3 representative 80 μm z-stacks were taken with a field-of-view of 512 × 512 μm, a line averaging of 4, a 
scan speed of 400 Hz and a z-step size 2.52 μm. The coverage of the SHG signal was measured using ImageJ (NIH) 
across the z-stacks and the peak signal was used for comparisons between rat and kangaroo tail organotypic 
matrices. Representative SHG images were taken from the peak intensity of the z-stack, with a field-of-view of 
512 × 512 μm, a line averaging of 32 and a scan speed of 400 Hz.
Statistical analysis. Data were statistically analyzed in GraphPad Prism (GraphPad Software, Inc., CA) 
with Student’s t-tests. For normalized data, a one-sample t-test was performed against the normalized value. In all 
cases, statistical significance was given as *p < 0.05, **p < 0.01 and ***p < 0.001.
References
 1. Conway, J. R., Carragher, N. O. & Timpson, P. Developments in preclinical cancer imaging: innovating the discovery of 
therapeutics. Nature reviews. Cancer 14, 314–328, https://doi.org/10.1038/nrc3724 (2014).
 2. Horvath, P. et al. Screening out irrelevant cell-based models of disease. Nat Rev Drug Discov, https://doi.org/10.1038/nrd.2016.175 
(2016).
 3. Herrmann, D. et al. Three-dimensional cancer models mimic cell-matrix interactions in the tumour microenvironment. 
Carcinogenesis, https://doi.org/10.1093/carcin/bgu108 (2014).
 4. Shamir, E. R. & Ewald, A. J. Three-dimensional organotypic culture: experimental models of mammalian biology and disease. 
Nature reviews. Molecular cell biology 15, 647–664, https://doi.org/10.1038/nrm3873 (2014).
 5. Kretzschmar, K. & Clevers, H. Organoids: Modeling Development and the Stem Cell Niche in a Dish. Developmental cell 38, 
590–600, https://doi.org/10.1016/j.devcel.2016.08.014 (2016).
 6. Dutta, D., Heo, I. & Clevers, H. Disease Modeling in Stem Cell-Derived 3D Organoid Systems. Trends Mol Med 23, 393–410, 
https://doi.org/10.1016/j.molmed.2017.02.007 (2017).
 7. Straussman, R. et al. Tumour micro-environment elicits innate resistance to RAF inhibitors through HGF secretion. Nature 487, 
500–504, https://doi.org/10.1038/nature11183 (2012).
 8. Petrie, R. J., Gavara, N., Chadwick, R. S. & Yamada, K. M. Nonpolarized signaling reveals two distinct modes of 3D cell migration. 
The Journal of cell biology 197, 439–455, https://doi.org/10.1083/jcb.201201124 (2012).
 9. Kittiphattanabawon, P., Nalinanon, S., Benjakul, S. & Kishimura, H. Characteristics of Pepsin-Solubilised Collagen from the Skin 
of Splendid Squid (Loligo formosana). J Chem-Ny, https://doi.org/10.1155/2015/482354 (2015).
 10. Madri, J. A., Pratt, B. M. & Tucker, A. M. Phenotypic modulation of endothelial cells by transforming growth factor-beta depends 
upon the composition and organization of the extracellular matrix. The Journal of cell biology 106, 1375–1384 (1988).
 11. Pacak, C. A., MacKay, A. A. & Cowan, D. B. An improved method for the preparation of type I collagen from skin. J Vis Exp, 
e51011, https://doi.org/10.3791/51011 (2014).
 12. Wolf, K. et al. Physical limits of cell migration: control by ECM space and nuclear deformation and tuning by proteolysis and 
traction force. The Journal of cell biology 201, 1069–1084, https://doi.org/10.1083/jcb.201210152 (2013).
 13. Friedl, P., Wolf, K. & Lammerding, J. Nuclear mechanics during cell migration. Current opinion in cell biology 23, 55–64, https://
doi.org/10.1016/j.ceb.2010.10.015 (2011).
 14. Rajan, N., Habermehl, J., Cote, M. F., Doillon, C. J. & Mantovani, D. Preparation of ready-to-use, storable and reconstituted type I 
collagen from rat tail tendon for tissue engineering applications. Nature protocols 1, 2753–2758, https://doi.org/10.1038/
nprot.2006.430 (2006).
 15. Edward, M. Effects of retinoids on glycosaminoglycan synthesis by human skin fibroblasts grown as monolayers and within 
contracted collagen lattices. Br J Dermatol 133, 223–230 (1995).
 16. Miller, E. J. & Rhodes, R. K. Preparation and characterization of the different types of collagen. Methods in enzymology 82(Pt A), 
33–64 (1982).
 17. Deyl, Z., Miksik, I. & Eckhardt, A. Preparative procedures and purity assessment of collagen proteins. Journal of chromatography. 
B, Analytical technologies in the biomedical and life sciences 790, 245–275 (2003).
 18. Timpson, P. et al. Organotypic collagen I assay: a malleable platform to assess cell behaviour in a 3-dimensional context. J Vis Exp, 
e3089, https://doi.org/10.3791/3089 (2011).
www.nature.com/scientificreports/
1 2SCIentIfIC REPORTs | 7: 16887  | DOI:10.1038/s41598-017-17177-5
 19. Cox, G. et al. 3-dimensional imaging of collagen using second harmonic generation. Journal of structural biology 141, 53–62 
(2003).
 20. Cox, G., Xu, P., Sheppard, C. & Rarnshaw, J. Characterization of the second harmonic signal from collagen. P Soc Photo-Opt Ins 
4963, 32–40, https://doi.org/10.1117/12.485598 (2003).
 21. Milthorpe, B. K. Xenografts for tendon and ligament repair. Biomaterials 15, 745–752 (1994).
 22. Huo, C. W. et al. High mammographic density is associated with an increase in stromal collagen and immune cells within the 
mammary epithelium. Breast cancer research: BCR 17, 79, https://doi.org/10.1186/s13058-015-0592-1 (2015).
 23. Vennin, C. et al. Transient tissue priming via ROCK inhibition uncouples pancreatic cancer progression, sensitivity to 
chemotherapy, and metastasis. Sci Transl Med 9, https://doi.org/10.1126/scitranslmed.aai8504 (2017).
 24. Nobis, M. et al. Intravital FLIM-FRET imaging reveals dasatinib-induced spatial control of src in pancreatic cancer. Cancer research 
73, 4674–4686, https://doi.org/10.1158/0008-5472.CAN-12-4545 (2013).
 25. Miller, B. W. et al. Targeting the LOX/hypoxia axis reverses many of the features that make pancreatic cancer deadly: inhibition of 
LOX abrogates metastasis and enhances drug efficacy. EMBO molecular medicine, https://doi.org/10.15252/emmm.201404827 
(2015).
 26. Erami, Z. et al. Intravital FRAP Imaging using an E-cadherin-GFP Mouse Reveals Disease- and Drug-Dependent Dynamic 
Regulation of Cell-Cell Junctions in Live Tissue. Cell reports 14, 152–167, https://doi.org/10.1016/j.celrep.2015.12.020 (2016).
 27. Ooms, L. M. et al. The Inositol Polyphosphate 5-Phosphatase PIPP Regulates AKT1-Dependent Breast Cancer Growth and 
Metastasis. Cancer Cell 28, 155–169, https://doi.org/10.1016/j.ccell.2015.07.003 (2015).
 28. Belle, L. et al. The tyrosine phosphatase PTPN14 (Pez) inhibits metastasis by altering protein trafficking. Science signaling 8, https://
doi.org/10.1126/scisignal.2005547 (2015).
 29. Tentler, J. J. et al. Patient-derived tumour xenografts as models for oncology drug development. Nat Rev Clin Oncol 9, 338–350, 
https://doi.org/10.1038/nrclinonc.2012.61 (2012).
 30. Bailey, P. et al. Genomic analyses identify molecular subtypes of pancreatic cancer. Nature 531, 47–52, https://doi.org/10.1038/
nature16965 (2016).
 31. Biankin, A. V. et al. Pancreatic cancer genomes reveal aberrations in axon guidance pathway genes. Nature 491, 399–405, https://
doi.org/10.1038/nature11547 (2012).
 32. Biankin, A. V. & Maitra, A. Subtyping Pancreatic Cancer. Cancer Cell 28, 411–413, https://doi.org/10.1016/j.ccell.2015.09.020 
(2015).
 33. Waddell, N. et al. Whole genomes redefine the mutational landscape of pancreatic cancer. Nature 518, 495–501, https://doi.
org/10.1038/nature14169 (2015).
 34. Fusenig, N. E. et al. Growth and differentiation characteristics of transformed keratinocytes from mouse and human skin in vitro 
and in vivo. J Invest Dermatol 81, 168s–175s (1983).
 35. Nystrom, M. L. et al. Development of a quantitative method to analyse tumour cell invasion in organotypic culture. The Journal of 
pathology 205, 468–475, https://doi.org/10.1002/path.1716 (2005).
 36. Nurmenniemi, S. et al. A novel organotypic model mimics the tumor microenvironment. The American journal of pathology 175, 
1281–1291, https://doi.org/10.2353/ajpath.2009.081110 (2009).
 37. Froeling, F. E. et al. Retinoic acid-induced pancreatic stellate cell quiescence reduces paracrine Wnt-beta-catenin signaling to slow 
tumor progression. Gastroenterology 141(1486-1497), 1497 e1481–1414, https://doi.org/10.1053/j.gastro.2011.06.047 (2011).
 38. Froeling, F. E., Marshall, J. F. & Kocher, H. M. Pancreatic cancer organotypic cultures. J Biotechnol 148, 16–23, https://doi.
org/10.1016/j.jbiotec.2010.01.008 (2010).
 39. Froeling, F. E. M. et al. Organotypic Culture Model of Pancreatic Cancer Demonstrates that Stromal Cells Modulate E-Cadherin, 
β-Catenin, and Ezrin Expression in Tumor Cells. The American journal of pathology 175, 636–648, https://doi.org/10.2353/
ajpath.2009.090131 (2009).
 40. Edward, M., Quinn, J. A., Pasonen-Seppanen, S. M., McCann, B. A. & Tammi, R. H. 4-Methylumbelliferone inhibits tumour cell 
growth and the activation of stromal hyaluronan synthesis by melanoma cell-derived factors. Br J Dermatol 162, 1224–1232, 
https://doi.org/10.1111/j.1365-2133.2010.09699.x (2010).
 41. Edward, M., Gillan, C., Micha, D. & Tammi, R. H. Tumour regulation of fibroblast hyaluronan expression: a mechanism to facilitate 
tumour growth and invasion. Carcinogenesis 26, 1215–1223, https://doi.org/10.1093/carcin/bgi064 (2005).
 42. Reverter, M. et al. Cholesterol Regulates Syntaxin 6 Trafficking at trans-Golgi Network Endosomal Boundaries. Cell reports, https://
doi.org/10.1016/j.celrep.2014.03.043 (2014).
 43. Garcia-Melero, A. et al. Annexin A6 and Late Endosomal Cholesterol Modulate Integrin Recycling and Cell Migration. The Journal 
of biological chemistry 291, 1320–1335, https://doi.org/10.1074/jbc.M115.683557 (2016).
 44. Dawson, R., Milne, N. & Warburton, N. M. Muscular anatomy of the tail of the western grey kangaroo, Macropus fuliginosus. 
Australian Journal of Zoology 62, 166–174, https://doi.org/10.1071/ZO13085 (2014).
 45. Komsa-Penkova, R., Spirova, R. & Bechev, B. Modification of Lowry’s method for collagen concentration measurement. Journal of 
biochemical and biophysical methods 32, 33–43 (1996).
 46. Munro, J., Steeghs, K., Morrison, V., Ireland, H. & Parkinson, E. K. Human fibroblast replicative senescence can occur in the 
absence of extensive cell division and short telomeres. Oncogene 20, 3541–3552, https://doi.org/10.1038/sj.onc.1204460 (2001).
 47. Pajic, M. et al. The dynamics of Rho GTPase signaling and implications for targeting cancer and the tumor microenvironment. 
Small GTPases 6, 123–133, https://doi.org/10.4161/21541248.2014.973749 (2015).
 48. Hoque, M. et al. The cross-talk of LDL-cholesterol with cell motility: insights from the Niemann Pick Type C1 mutation and altered 
integrin trafficking. Cell adhesion & migration 9, 384–391, https://doi.org/10.1080/19336918.2015.1019996 (2015).
 49. Chen, X., Nadiarynkh, O., Plotnikov, S. & Campagnola, P. J. Second harmonic generation microscopy for quantitative analysis of 
collagen fibrillar structure. Nature protocols 7, 654–669, https://doi.org/10.1038/nprot.2012.009 (2012).
 50. Campagnola, P. J. et al. Three-dimensional high-resolution second-harmonic generation imaging of endogenous structural 
proteins in biological tissues. Biophysical journal 82, 493–508, https://doi.org/10.1016/S0006-3495(02)75414-3 (2002).
 51. Zipfel, W. R. et al. Live tissue intrinsic emission microscopy using multiphoton-excited native fluorescence and second harmonic 
generation. Proc Natl Acad Sci USA 100, 7075–7080, https://doi.org/10.1073/pnas.0832308100 (2003).
 52. Williams, R. M., Zipfel, W. R. & Webb, W. W. Interpreting second-harmonic generation images of collagen I fibrils. Biophysical 
journal 88, 1377–1386, https://doi.org/10.1529/biophysj.104.047308 (2005).
 53. Samuel, M. S. et al. Actomyosin-mediated cellular tension drives increased tissue stiffness and beta-catenin activation to induce 
epidermal hyperplasia and tumor growth. Cancer Cell 19, 776–791, https://doi.org/10.1016/j.ccr.2011.05.008 (2011).
 54. Kular, J. et al. A Negative Regulatory Mechanism Involving 14-3-3zeta Limits Signaling Downstream of ROCK to Regulate Tissue 
Stiffness in Epidermal Homeostasis. Developmental cell 35, 759–774, https://doi.org/10.1016/j.devcel.2015.11.026 (2015).
 55. Cicchi, R. et al. Scoring of collagen organization in healthy and diseased human dermis by multiphoton microscopy. Journal of 
biophotonics 3, 34–43, https://doi.org/10.1002/jbio.200910062 (2010).
 56. Dingal, P. C. et al. Fractal heterogeneity in minimal matrix models of scars modulates stiff-niche stem-cell responses via nuclear 
exit of a mechanorepressor. Nat Mater 14, 951–960, https://doi.org/10.1038/nmat4350 (2015).
 57. Graham, H. K. et al. Tissue section AFM: In situ ultrastructural imaging of native biomolecules. Matrix Biol 29, 254–260, https://
doi.org/10.1016/j.matbio.2010.01.008 (2010).
www.nature.com/scientificreports/
13SCIentIfIC REPORTs | 7: 16887  | DOI:10.1038/s41598-017-17177-5
 58. Sugimoto, Y. et al. Chemical identification of individual surface atoms by atomic force microscopy. Nature 446, 64–67, https://doi.
org/10.1038/nature05530 (2007).
 59. Hinterdorfer, P. & Dufrene, Y. F. Detection and localization of single molecular recognition events using atomic force microscopy. 
Nat Methods 3, 347–355, https://doi.org/10.1038/nmeth871 (2006).
 60. Hermanowicz, P., Sarna, M., Burda, K. & Gabrys, H. AtomicJ: an open source software for analysis of force curves. Rev Sci Instrum 
85, 063703, https://doi.org/10.1063/1.4881683 (2014).
 61. Rezakhaniha, R. et al. Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser 
scanning microscopy. Biomechanics and modeling in mechanobiology 11, 461–473, https://doi.org/10.1007/s10237-011-0325-z 
(2012).
 62. Mayorca-Guiliani, A. E. et al. ISDoT: in situ decellularization of tissues for high-resolution imaging and proteomic analysis of 
native extracellular matrix. Nature medicine 23, 890–898, https://doi.org/10.1038/nm.4352 (2017).
 63. Quail, D. F. & Joyce, J. A. Microenvironmental regulation of tumor progression and metastasis. Nature medicine 19, 1423–1437, 
https://doi.org/10.1038/nm.3394 (2013).
 64. Toole, B. P. Hyaluronan: from extracellular glue to pericellular cue. Nature reviews. Cancer 4, 528–539 (2004).
 65. Bonnans, C., Chou, J. & Werb, Z. Remodelling the extracellular matrix in development and disease. Nature reviews. Molecular cell 
biology 15, 786–801, https://doi.org/10.1038/nrm3904 (2014).
 66. Lu, P., Weaver, V. M. & Werb, Z. The extracellular matrix: A dynamic niche in cancer progression. The Journal of cell biology 196, 
395 (2012).
 67. Kalluri, R. & Zeisberg, M. Fibroblasts in cancer. Nature reviews. Cancer 6, 392–401, https://doi.org/10.1038/nrc1877 (2006).
 68. He, B., Wu, J. P., Chim, S. M., Xu, J. & Kirk, T. B. Microstructural analysis of collagen and elastin fibres in the kangaroo articular 
cartilage reveals a structural divergence depending on its local mechanical environment. Osteoarthritis and cartilage 21, 237–245, 
https://doi.org/10.1016/j.joca.2012.10.008 (2013).
 69. Junqueira, L. C., Bignolas, G. & Brentani, R. R. Picrosirius staining plus polarization microscopy, a specific method for collagen 
detection in tissue sections. Histochem J 11, 447–455 (1979).
 70. Puchtler, H., Waldrop, F. S. & Valentine, L. S. Polarization microscopic studies of connective tissue stained with picro-sirius red 
FBA. Beitrage zur Pathologie 150, 174–187 (1973).
 71. Jacobetz, M. A. et al. Hyaluronan impairs vascular function and drug delivery in a mouse model of pancreatic cancer. Gut 62, 
112–120, https://doi.org/10.1136/gutjnl-2012-302529 (2013).
 72. Provenzano, P. P. et al. Enzymatic targeting of the stroma ablates physical barriers to treatment of pancreatic ductal 
adenocarcinoma. Cancer Cell 21, 418–429, https://doi.org/10.1016/j.ccr.2012.01.007 (2012).
 73. Mouw, J. K., Ou, G. & Weaver, V. M. Extracellular matrix assembly: a multiscale deconstruction. Nature reviews. Molecular cell 
biology 15, 771–785, https://doi.org/10.1038/nrm3902 (2014).
 74. Yurchenco, P. D. et al. The alpha chain of laminin-1 is independently secreted and drives secretion of its beta- and gamma-chain 
partners. Proc Natl Acad Sci USA 94, 10189–10194 (1997).
 75. Tchou, J. et al. Fibroblast activation protein expression by stromal cells and tumor-associated macrophages in human breast cancer. 
Hum Pathol 44, 2549–2557, https://doi.org/10.1016/j.humpath.2013.06.016 (2013).
 76. Madsen, C. D. et al. Hypoxia and loss of PHD2 inactivate stromal fibroblasts to decrease tumour stiffness and metastasis. EMBO 
Rep 16, 1394–1408, https://doi.org/10.15252/embr.201540107 (2015).
 77. Wang, X. M., Yu, D. M., McCaughan, G. W. & Gorrell, M. D. Fibroblast activation protein increases apoptosis, cell adhesion, and 
migration by the LX-2 human stellate cell line. Hepatology 42, 935–945, https://doi.org/10.1002/hep.20853 (2005).
 78. Rettig, W. J. et al. Regulation and heteromeric structure of the fibroblast activation protein in normal and transformed cells of 
mesenchymal and neuroectodermal origin. Cancer research 53, 3327–3335 (1993).
 79. Valenti, G. et al. Cancer Stem Cells Regulate Cancer-Associated Fibroblasts via Activation of Hedgehog Signaling in Mammary 
Gland Tumors. Cancer research 77, 2134–2147, https://doi.org/10.1158/0008-5472.CAN-15-3490 (2017).
 80. Baum, J. & Duffy, H. S. Fibroblasts and myofibroblasts: what are we talking about? J Cardiovasc Pharmacol 57, 376–379, https://doi.
org/10.1097/FJC.0b013e3182116e39 (2011).
 81. Eto, M., Kirkbride, J. A. & Brautigan, D. L. Assembly of MYPT1 with protein phosphatase-1 in fibroblasts redirects localization and 
reorganizes the actin cytoskeleton. Cell Motil Cytoskeleton 62, 100–109, https://doi.org/10.1002/cm.20088 (2005).
 82. Joo, E. E. & Yamada, K. M. MYPT1 regulates contractility and microtubule acetylation to modulate integrin adhesions and matrix 
assembly. Nature communications 5, 3510, https://doi.org/10.1038/ncomms4510 (2014).
 83. Olson, M. F. & Sahai, E. The actin cytoskeleton in cancer cell motility. Clin Exp Metastasis 26, 273–287, https://doi.org/10.1007/
s10585-008-9174-2 (2009).
 84. Cukierman, E., Pankov, R., Stevens, D. R. & Yamada, K. M. Taking cell-matrix adhesions to the third dimension. Science 294, 
1708–1712, https://doi.org/10.1126/science.1064829 (2001).
 85. Tello, M. et al. Generating and characterizing the mechanical properties of cell-derived matrices using atomic force microscopy. 
Methods 94, 85–100, https://doi.org/10.1016/j.ymeth.2015.09.012 (2016).
 86. Satyam, A. et al. Macromolecular crowding meets tissue engineering by self-assembly: a paradigm shift in regenerative medicine. 
Adv Mater 26, 3024–3034, https://doi.org/10.1002/adma.201304428 (2014).
 87. Gopal, S. et al. Fibronectin-guided migration of carcinoma collectives. Nature communications 8, 14105, https://doi.org/10.1038/
ncomms14105 (2017).
 88. Bustin, S. A. et al. The MIQE guidelines: minimum information for publication of quantitative real-time PCR experiments. Clinical 
chemistry 55, 611–622, https://doi.org/10.1373/clinchem.2008.112797 (2009).
 89. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta 
C(T)) Method. Methods 25, 402–408, https://doi.org/10.1006/meth.2001.1262 (2001).
 90. Schmittgen, T. D. & Livak, K. J. Analyzing real-time PCR data by the comparative CT method. Nat. Protocols 3, 1101–1108 (2008).
 91. Levental, K. R. et al. Matrix crosslinking forces tumor progression by enhancing integrin signaling. Cell 139, 891–906, https://doi.
org/10.1016/j.cell.2009.10.027 (2009).
 92. Olive, K. P. et al. Inhibition of Hedgehog signaling enhances delivery of chemotherapy in a mouse model of pancreatic cancer. 
Science 324, 1457–1461, https://doi.org/10.1126/science.1171362 (2009).
 93. Pickup, M. W., Mouw, J. K. & Weaver, V. M. The extracellular matrix modulates the hallmarks of cancer. EMBO Rep 15, 1243–1253, 
https://doi.org/10.15252/embr.201439246 (2014).
 94. Scott, A. M. et al. A Phase I dose-escalation study of sibrotuzumab in patients with advanced or metastatic fibroblast activation 
protein-positive cancer. Clinical cancer research: an official journal of the American Association for Cancer Research 9, 1639–1647 
(2003).
 95. Hui, M. et al. The Hedgehog signalling pathway in breast development, carcinogenesis and cancer therapy. Breast cancer research: 
BCR 15, 203, https://doi.org/10.1186/bcr3401 (2013).
 96. O’Toole, S. A. et al. Hedgehog overexpression is associated with stromal interactions and predicts for poor outcome in breast 
cancer. Cancer research 71, 4002–4014, https://doi.org/10.1158/0008-5472.CAN-10-3738 (2011).
 97. Rahbari, N. N. et al. Anti-VEGF therapy induces ECM remodeling and mechanical barriers to therapy in colorectal cancer liver 
metastases. Sci Transl Med 8, 360ra135, https://doi.org/10.1126/scitranslmed.aaf5219 (2016).
www.nature.com/scientificreports/
1 4SCIentIfIC REPORTs | 7: 16887  | DOI:10.1038/s41598-017-17177-5
 98. Onion, D. et al. 3-Dimensional Patient-Derived Lung Cancer Assays Reveal Resistance to Standards-of-Care Promoted by Stromal 
Cells but Sensitivity to Histone Deacetylase Inhibitors. Molecular cancer therapeutics 15, 753–763, https://doi.org/10.1158/1535-
7163.MCT-15-0598 (2016).
 99. Lindsay, C. R. et al. P-Rex1 is required for efficient melanoblast migration and melanoma metastasis. Nature communications 2, 
555, https://doi.org/10.1038/ncomms1560 (2011).
 100. Morton, J. P. et al. Mutant p53 drives metastasis and overcomes growth arrest/senescence in pancreatic cancer. Proc Natl Acad Sci 
USA 107, 246–251, https://doi.org/10.1073/pnas.0908428107 (2010).
 101. Bianchini, G., Balko, J. M., Mayer, I. A., Sanders, M. E. & Gianni, L. Triple-negative breast cancer: challenges and opportunities of 
a heterogeneous disease. Nat Rev Clin Oncol 13, 674–690, https://doi.org/10.1038/nrclinonc.2016.66 (2016).
 102. Yoshioka, K., Foletta, V., Bernard, O. & Itoh, K. A role for LIM kinase in cancer invasion. Proc Natl Acad Sci USA 100, 7247–7252, 
https://doi.org/10.1073/pnas.1232344100 (2003).
 103. Borin, T. F. et al. Melatonin decreases breast cancer metastasis by modulating Rho-associated kinase protein-1 expression. Journal 
of pineal research 60, 3–15, https://doi.org/10.1111/jpi.12270 (2016).
 104. Denoyelle, C. et al. Molecular mechanism of the anti-cancer activity of cerivastatin, an inhibitor of HMG-CoA reductase, on 
aggressive human breast cancer cells. Cell Signal 15, 327–338 (2003).
 105. Okubo, S. et al. Additive antitumour effect of the epidermal growth factor receptor tyrosine kinase inhibitor gefitinib (Iressa, 
ZD1839) and the antioestrogen fulvestrant (Faslodex, ICI 182,780) in breast cancer cells. British journal of cancer 90, 236–244, 
https://doi.org/10.1038/sj.bjc.6601504 (2004).
 106. Anderson, N. G., Ahmad, T., Chan, K., Dobson, R. & Bundred, N. J. ZD1839 (Iressa), a novel epidermal growth factor receptor 
(EGFR) tyrosine kinase inhibitor, potently inhibits the growth of EGFR-positive cancer cell lines with or without erbB2 
overexpression. International journal of cancer. Journal international du cancer 94, 774–782 (2001).
 107. Takabatake, D. et al. Tumor inhibitory effect of gefitinib (ZD1839, Iressa) and taxane combination therapy in EGFR-overexpressing 
breast cancer cell lines (MCF7/ADR, MDA-MB-231). International journal of cancer. Journal international du cancer 120, 181–188, 
https://doi.org/10.1002/ijc.22187 (2007).
 108. Bonine-Summers, A. R. et al. Epidermal growth factor receptor plays a significant role in hepatocyte growth factor mediated 
biological responses in mammary epithelial cells. Cancer Biol Ther 6, 561–570 (2007).
 109. Oda, M. et al. Stathmin is involved in the cooperative effect of Zoledronic acid and gefitinib on bone homing breast cancer cells in 
vitro. J Bone Oncol 1, 40–46, https://doi.org/10.1016/j.jbo.2012.06.001 (2012).
 110. Rao, S. et al. Target modulation by a kinase inhibitor engineered to induce a tandem blockade of the epidermal growth factor 
receptor (EGFR) and c-Src: the concept of type III combi-targeting. PloS one 10, e0117215, https://doi.org/10.1371/journal.
pone.0117215 (2015).
 111. Bonaccorsi, L., Marchiani, S., Muratori, M., Forti, G. & Baldi, E. Gefitinib (‘IRESSA’, ZD1839) inhibits EGF-induced invasion in 
prostate cancer cells by suppressing PI3 K/AKT activation. J Cancer Res Clin Oncol 130, 604–614, https://doi.org/10.1007/s00432-
004-0581-8 (2004).
 112. Li, J. et al. Gefitinib (‘Iressa’, ZD1839), a selective epidermal growth factor receptor tyrosine kinase inhibitor, inhibits pancreatic 
cancer cell growth, invasion, and colony formation. Int J Oncol 25, 203–210 (2004).
 113. Nicolle, G. et al. Gefitinib inhibits the growth and invasion of urothelial carcinoma cell lines in which Akt and MAPK activation is 
dependent on constitutive epidermal growth factor receptor activation. Clinical cancer research: an official journal of the American 
Association for Cancer Research 12, 2937–2943, https://doi.org/10.1158/1078-0432.CCR-05-2148 (2006).
 114. Peuhu, E. et al. SHARPIN regulates collagen architecture and ductal outgrowth in the developing mouse mammary gland. EMBO 
J 36, 165–182, https://doi.org/10.15252/embj.201694387 (2017).
 115. Roth, I. et al. The Delta133p53 isoform and its mouse analogue Delta122p53 promote invasion and metastasis involving pro-
inflammatory molecules interleukin-6 and CCL2. Oncogene 35, 4981–4989, https://doi.org/10.1038/onc.2016.45 (2016).
 116. Paquet-Fifield, S. et al. A role for pericytes as microenvironmental regulators of human skin tissue regeneration. The Journal of 
clinical investigation 119, 2795–2806, https://doi.org/10.1172/JCI38535 (2009).
 117. Gangatirkar, P., Paquet-Fifield, S., Li, A., Rossi, R. & Kaur, P. Establishment of 3D organotypic cultures using human neonatal 
epidermal cells. Nature protocols 2, 178–186, https://doi.org/10.1038/nprot.2006.448 (2007).
 118. Al-Ejeh, F. et al. Gemcitabine and CHK1 inhibition potentiate EGFR-directed radioimmunotherapy against pancreatic ductal 
adenocarcinoma. Clinical cancer research: an official journal of the American Association for Cancer Research 20, 3187–3197, https://
doi.org/10.1158/1078-0432.CCR-14-0048 (2014).
 119. Haralick, R. M., Shanmugam, K. & Dinstein, I. Textural Features for Image Classification. Ieee T Syst Man Cyb Smc3, 610–621, 
https://doi.org/10.1109/Tsmc.1973.4309314 (1973).
 120. Yang, Y. L., Motte, S. & Kaufman, L. J. Pore size variable type I collagen gels and their interaction with glioma cells. Biomaterials 31, 
5678–5688, https://doi.org/10.1016/j.biomaterials.2010.03.039 (2010).
 121. Raub, C. B. et al. Noninvasive assessment of collagen gel microstructure and mechanics using multiphoton microscopy. Biophysical 
journal 92, 2212–2222, https://doi.org/10.1529/biophysj.106.097998 (2007).
Acknowledgements
The authors thank Prof. Christopher J. Ormandy and Dr. Charlie Watts for critical reading of the manuscript, 
and Dr. Renee M. Whan and Dr. Celine Heu for their assistance with the AFM. The authors also acknowledge 
the facilities, and the scientific and technical assistance of the Electron Microscope Unit at The University of 
New South Wales. This work was supported by an NHMRC project grant, an NHMRC New Investigator Grant 
(APP1129766), an NBCF Innovator Grant, an ARC Future grant, a Len Ainsworth Pancreatic Cancer Fellowship, 
Cancer Council NSW grant, a Tour de Cure grant, a Sydney Catalyst scholarship, a CINSW fellowship (13/CDF1-
01), a Philip Hemstritch Fellowship in Pancreatic Cancer, a Cancer Australia grant (APP1100722) and CRUK 
core funding.
Author Contributions
J.R.W.C., C.V., A.S.C., D.H., K.J.M., S.C.W., L.W., A.B., A.Z., A.M.D., T.R.C. designed the study, performed 
experiments and analyzed data. J.R.W.C., P.T. and T.R.C. wrote the manuscript. P.T., M.P., J.P.M. and T.R.C. 
supervised the study.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-17177-5.
Competing Interests: The authors declare that they have no competing interests.
www.nature.com/scientificreports/
1 5SCIentIfIC REPORTs | 7: 16887  | DOI:10.1038/s41598-017-17177-5
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
